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I. SUMMARY 
J / 7-3 
Experimental silver-cadmium and nickel-cadmium c e l l s  containing commercial 
b a t t e r y  e l ec t rodes  and aqueous potassium hydroxide e l e c t r o l y t e s  were exposed t o  
60 and 137 Mev protons i n  t h e  Harvard Cyclotron. To ta l  i n t eg ra t ed  proton f l u x e s  
were twice t h e  maximum values  a n t i c i p a t e d  from s o l a r  f lare a c t i v i t y  during 
t r a v e l  t o  Venus i n  1967-69. I r r a d i a t e d  and c o n t r o l  cells w e r e  examined f o r  
gas evolu t ion ,  l o s s  of e l e c t r o d e  materials, and changes i n  discharge capac i ty .  
With the  exception of low-level, rapidly-decaying r a d i o a c t i v i t y ,  no proton 
effects were de tec tab le .  
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11. INTRODUCTION 
High-energy protons o r ig ina t ing  from s o l a r  f l a r e s  are encountered by 
space veh ic l e s  i n  t h e  Mariner programs of t h e  Jet  Propulsion Laboratory. 
An i n t e g r a t e d  exposure approaching 1 x lo1' protons/cm2 is a n t i c i p a t e d  i n  
t r a v e l  t o  Venus during 1967-69. 
of silver-cadmium and nickel-cadmium c e l l s  which was conducted t o  determine 
t h e  e f f e c t s  of such proton exposures on commercial b a t t e r y  e l e c t r o d e s  i n  
This r e p o r t  descr ibes  an experimental  s tudy  
t h e  usua l  aqueous potassium hydroxide e l e c t r o l y t e  so lu t ions .  
Proton showers equiva len t  t o  twice t h e  above exposures a t  ene rg ie s  of 
60 and 137 Mev were produced i n  the  Harvard Cyclotron i n  exposure times of 
approximately one-half hour. Following i r r a d i a t i o n ,  t h e  experimental  cells  
were examined fo r  gas evolut ion,  l o s s  of s o l i d  mater ia l s ,  and changes i n  
d ischarge  capac i ty  . 
I11 . EXPERIMENTAL 
The experimental  procedures were gene ra l ly  similar t o  those  employed i n  
a concurrent  program for t h e  s t u d y  of gamma r a d i a t i o n  e f f e c t s  on s i l v e r  and 
zinc b a t t e r y  e l ec t rodes .  Techniques and c i r c u i t r y  are descr ibed  i n  r ecen t  
I r e p o r t s .  The proton i r r a d i a t i o n s  were conducted a t  Harvard Universi ty .  
P r e -  and p o s t - i r r a d i a t i o n  work was performed at  Atomics I n t e r n a t i o n a l  i n  
Canoga Pa rk ,  Ca l i fo rn ia .  Certain modif icat ions i n  procedures t h a t  were made 
t o  s a t i s f y  time and t r anspor t a t ion  requirements are ind ica t ed  below. 
A. CELLS 
As i n  previous work, t h e  inner  cells were constructed of r a d i a t i o n -  
r e s i s t a n t  polystyrene,  with f r i t t e d  quar tz  s epa ra to r s  . 
i n  shipping,  t h e s e  cells were provided with sea l ed  l i d s ,  as shown i n  F igure  1. 
To prevent  s p i l l a g e  
AI-66-149 
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The openings above each compartment were closed with a s e a l e d  foam covering 
t h a t  could be punched out  f o r  easy removal of l i q u i d  and detached s o l i d s .  
This  precaut ion  was taken t o  f a c i l i t a t e  remote handl ing of t h e  c e l l s ,  i n  
t h e  event  t h a t  they r e t a i n e d  a hazardous l e v e l  of r a d i o a c t i v i t y  after exposure 
t o  protons.  Small openings w e r e  made i n  t h e  foam covering immediately p r i o r  
t o  i r r a d i a t i o n  t o  permit t h e  c o l l e c t i o n  of gases  i n  an o u t e r  cell  container .  
Black sp ray  p a i n t  was app l i ed  t o  the o u t e r  sur faces  of t h e  p l a s t i c  c e l l s  t h a t  
conta ined  s i l v e r  e l ec t rodes  t o  avoid exposure t o  l i g h t .  
The absorp t ion  of protons i n  dense materials is s i g n i f i c a n t ,  even a t  
high energ ies .  
cases t h a t  are s u i t a b l e  for gamma r a d i a t i o n  s t u d i e s .  
for protons  i n  s e v e r a l  materials employed i n  t h e  p re sen t  work are given i n  
Table I. 
Hence, it was undesirable  t o  use t h e  s t a i n l e s s  s teel  o u t e r  cel l  
Penet ra t ion  d i s t ances  
Pyrex g l a s s  o u t e r  conta iners  of t h e  type shown i n  Figure 2 were 
fu rn i shed  by t h e  Jet Propulsion Laboratory t o  r ep lace  t h e  s teel  c s e s  i n  t h e  
proton experiments. This design permit ted access of most of t he  protons t o  
t h e  chemical system under s tudy  and provided fo r  t h e  d i r e c t  v i s u a l  observa t ion  
of p re s su re  . 
TABLE I 
PENETRATION DISTANCES OF PROTONS I N  IRRADIATED MATERIALS~ 
Penet ra t ion  Distance i n  Centimeters 
Proton Energy 40% Potassium 
MeV Air Quartz Polystyrene Hydroxide S i l v e r  
20 40 0 0.22 0.40 0.41 0.083 
ao 5 10 2.59 5.02 4 a 9 1  0.87 
140 1400 6.94 13.5 13.1 2 .21  
a Information used i n  t h e  compilation of t h i s  t a b l e  was suppl ied  by 
Dr. R. A. Holroyd of Atomics In t e rna t iona l .  
were obtained by t he  app l i ca t ion  of equat ions i n  R e f .  ( 3).  
Proton ranges i n  g/cm 
AI-60-149 
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B. ELECTRODES AND ELECTROLYTES 
The types and configurat ions of e l ec t rodes  used i n  the  proton study are 
given i n  Table 11. 
used i n  gamma r a d i a t i o n  work on s i lve r - l imi t ed  cells.' 
and cadmium e lec t rodes  of t h e  types inves t iga t ed  i n  an ear l ier  gamma r a d i a t i o n  
program' were desired,  they could no t  be obtained i n  t i m e  t o  meet t h e  schedule 
a t  Harvard. 
The s i l v e r  and cadmium e l e c t r o d e s  were t h e  kind r e c e n t l y  
Although n i c k e l  
Eveready R-2 e l ec t rodes  w e r e  t h e r e f o r e  used i n  t h e  cells  t h a t  were 
intended t o  have cadmium-limited c a p a c i t i e s .  The silver-cadmium cells were 
assembled with t h e  s i n g l e  s i l ve r  p l a t e  i n  t h e  c e n t r a l  compartment and t h e  
two paral le l -connected cadmium p l a t e s  i n  t h e  o u t e r  compartments. I n  t h e  
nickel-cadmium cells, t h e  cadmium p l a t e  occupied t h e  c e n t r a l  pos i t i on ,  with 
a n i c k e l  p l a t e  i n  each of t h e  o u t e r  compartments. 
TABLE I1 
ELECTRODES FOR PROTON IRRADIATION CELLS - 
Experimental Cell Anode Cathode 
Silver-cadmium Two p a r a l l e  1- connected One Yardney s i l v e r  
Eveready R-2 cadmium p l a t e s ,  p l a t e ,  trimmed t o  
t o t a l  nominal capac i ty  1.0 
amp-hr 0.4 amp-hr 
nominal capaci ty  of 
Nickel-cadmium One Eveready R-2 cadmium Two paral le l -connected 
p l a t e ,  nominal capac i ty  
0.5 amp-hr p l a t e s ,  t o t a l  nominal 
Eveready R-2 n i c k e l  
capaci ty  0.8 amp-hr 
The e l e c t r o l y t e  was 40% potassium hydroxide i n  t h e  silver-cadmium cells 
and 30% i n  t h e  nickel-cadmium. These are t h e  concentrat ions most f r equen t ly  
used i n  t h e  gamma r a d i a t i o n  s tud ie s .  
AI-66-149 
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C. PROCEDURES 
The sequence of experimental  s t e p s  is  o u t l i n e d  f o r  t h e  silver-cadmium 
cells i n  Figure 3 and for  the  nickel-cadmium i n  Figure 4. 
dens i ty  f o r  t h e  measurement of discharge c a p a c i t i e s  was 7.25 ma/cm 
t h e  s i l v e r  e l ec t rodes  and 9.6 ma/cm on t h e  n i c k e l  e l ec t rodes ,  which proved 
t o  be capac i ty- l imi t ing  i n  the  nickel-cadmium cells. Cycling cu r ren t s  i n  
t h e  precondi t ioning s t a g e s  were chosen t o  g ive  a 5% capac i ty  change i n  
15 min. 
The cu r ren t  
on 2 
2 
I t  was imprac t i ca l  t o  t r a n s p o r t  t he  cyc l ing  equipment t o  Harvard f o r  
shor t - te rm use. The cells were the re fo re  i r r a d i a t e d  a t  a f i x e d  state 
of charge. 
t o  90% immediately before  exposure t o  protons.  
behavior  i n  p r e - i r r a d i a t i o n  s t ages ,  t h e  nickel-cadmium cells were fully 
charged a t  Atomics I n t e r n a t i o n a l  and exposed t o  protons a t  Harvard without  
f u r t h e r  adjustment of t h e  charge. The open-c i rcu i t  p o t e n t i a l  of t he  c e n t r a l  
e l e c t r o d e  p l a t e  a g a i n s t  each of the  o u t e r  p l a t e s  was checked i n  a l l  of t h e  
cells before  and after shipment. 
I n  t h e  s i l v e r - l i m i t e d  cells t h e  charge was adjus ted  accu ra t e ly  
Because of t h e i r  erratic 
Immediately before  i r r a d i a t i o n ,  a pin-hole was punched i n  t h e  foam covering 
above each ce l l  compartment, t he  ce l l  was re tu rned  t o  a g l a s s  conta iner ,  i n  
which it had been shipped, and the  atmosphere i n s i d e  was changed t o  n i t rogen  
by r epea ted  p a r t i a l  evacuation and f i l l i n g ,  without b o i l i n g  t h e  e l e c t r o l y t e  
s o l u t i o n .  
s e a l e d  u n t i l  t h e  break-off t i p  was broken f o r  gas a n a l y s i s  after r e t u r n  t o  
Atomics I n t e r n a t i o n a l .  
F ina l ly ,  t h e  side-arm was s e a l e d  with a torch .  The ce l l  then  remained 
Two runs were made i n  the  cyclotron-one a t  an energy of 60 Mev and one 
10 2 
a t  137 MeV. I n  each case,  a t o t a l  i n t e g r a t e d  f l u x  of 2.1 x 10 protons/cm 
A I  - 66 -149 
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SILVER-CADIUM CELLS I, II, 111, I V  
PREPARED A T  90% OF SILVER ELECTRODE CAPACITY 
CYCLED 90=95%, 45OC 24 hr 
PRE-TEST CAPACITY MEASURED 
RECHARGED TO F U L L  CAPACITY 
i 
TRANSPORTED TO HARVARD 
OVERCHARGED; READJUSTED TO 90% 
SEALED UNDER NITROGEN 
+ C E L L  I 
HARVARD 
CONTROL 
IRRADIATED 
137 M e V  
C E L L  I V  
IRRADIATED 
CELLS I, 111, I V  
RETURNED TO A I  
GAS ANALYZED 
2253-2503 
FIGURE 3. EXPERIMENTAL PROCEDURE FOR SILVER-CADMIUM CELLS 
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. 
POST-TEST CAPACITY MEASURED* 
SOLIDS SEPARATED AND ANALYZED 
I NICKEL-CADIUM CELLS I, I I ,  I l l ,  IV 1 
NICKEL-LIMITED,DUE TO POOR PERFORMANCE 
OF THE NICKEL ELECTRODES UNDER 
FLOODED COND~T~ONS 
PREPARED AT-WX, OF NICKEL ELECTRODE CAPACITY* 
PRE-TEST CAPACITY MEASURED* 
CYCLED "90=95%, ROOM TEMPERATURE, 24 hr 
RECHARGED TO F U L L  CAPACITY 
C E L L  IV  
AI CONTROL 
8-2-66 
CELLS I, 11, I l l  
TRANSPORTED TO HARVARD 
NO READJUSTMENT OF CHARGE  SEALED UNDER NITROGEN 
IRRADIATED 
137 Mev 
CELLS I, 11. I l l  
RETURNED TO AI 
GAS ANALYZED 
I 
I CELLS I ,  1 1 ,  Ill, IV *ALTHOUGH CELLS WERE DESIGNED T O  BE CADIUM-LIMITED, THEY WERE ACTUALLY 
2253-2 5 04 
F I G U R E  4. EXPERIMENTAL PROCEDURE FOR NICKEL-CADMIUM CELLS 
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impinged on t h e  cells.a These exposures were produced by t h e  summation of 
i n t e r m i t t e n t  proton pulses  of s e v e r a l  minutes durat ion.  The experimental  
ce l l s  exposed i n  each run are i d e n t i f i e d  i n  Figures  3 and 4 i n  subsequent I 
t ab l e s .  
cause of t h e  v a r i a b i l i t y  a l r eady  known t o  e x i s t  i n  t h e  capac i ty  da ta .  
The nickel-cadmium c e l l s  were exposed a t  only one proton energy be- 
A photo- 
graph of  t h e  cells pos i t ioned  i n  t h e  beam f o r  t h e  137 Mev run  is reproduced 
i n  Figure 5 .  The a t t ached  pressure gages were readable  on c losed -c i r cu i t  
t e l e v i s i o n  during t h e  cyc lo t ron  runs. 
I V .  RESULTS AND DISCUSSION 
A, PRELIMINARY OBSERVATIONS 
Pre - i r r ad ia t ion  c a p a c i t i e s  of t h e  silver-cadmium cells were determined 
t o  + 1% o r  b e t t e r .  The nickel-cadmium cel ls  showed errat ic  behavior, however, - 
which was t r aced  t o  t h e  n i c k e l  e lec t rode  by t h e  use of a mercury-mercuric oxide 
r e fe rence  ha l f -ce l l .  
p l a t e s  was nominally 0.8 amp-hr, and t h a t  of t h e  cadmium counter e l ec t rode  
Althouqh the  t o t a l  capac i ty  of t h e  two p a r a l l e l  n i c k e l  , 
was only 0.5 amp-hr, t h e  cell capaci ty ,  i n  p rac t i ce ,  was l imi t ed  by t h e  n i c k e l  
system. This problem was a t t r i b u t e d  t o  poor performance of t h e  n i c k e l  p l a t e s  
when operated i n  a submerged, o r  f looded, condi t ion.  The powdered n i c k e l  
ox ide  was dis lodged wi th in  t h e  per fora ted  metal frame by gas evolu t ion  during 
t h e  charging and discharging processes,  and s o r e  of  it was l o s t  t o  t h e  bottom 
of t h e  c e l l  i n  t h i s  way. 
I 
Since t h e  des i red  e l ec t rodes  could not  be obtained 
i n  t h e  t i m e  ava i l ab le ,  t h e  work was continued with t h e  f a u l t y  cells .  
~ 
Open-circuit  p o t e n t i a l s  of t h e  var ious p a i r s  of e l ec t rode  p l a t e s ,  before  
and af ter  shipment, are recorded i n  Tables I11 and I V .  I n  t h e  silver-cadmium 
a After co r rec t ions  f o r  meter e r r o r  and d i s t ances  from t h e  cen te r  of t h e  beam, t h e  
exposures in protons/crn2 a t  137 Mev were: 
(2.05 x 10IO); NI/Cd I11 (2.06 x lo1'). 
Ag/Cd I11 (2.07 x Ni/Cd I 
A t  60 Mev t h e  exposure was Ag/Cd I V  
(2.10 x 1010). 
AI-66-149 
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FIGURE 5. CELLS POSITIONED IN CYCLOTRON BEAM 
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cells, t h e  p o t e n t i a l s  a t  Harvard agreed q u i t e  w e l l  with those observed before  
shipment. The nickel-cadmium p o t e n t i a l s  were somewhat unstable  i n  both cases, 
b u t  a l l  of t h e  connections remained i n t a c t .  
TABLE I11 
OPEN-CIRCUIT POTENTIALS I N  SI LVER-CADMI UM CELLS a 
Four Days Later 
A t  A I  a t  Harvard 
Cd(1) Cd(2) Cd(1) Cd(2) 
Cell NO e v o l t s  v o l t s  vol ts  v o l t s  
Harvard Control I 1.40 1.38 1.41 1.41 
137 Mev I11 1.39 1.40 1.41 1.41 
60 Mev I V  1.39 1.38 1.41 1.41 
$otential  of s i l v e r  e l ec t rode  versus t h e  ind ica t ed  cadmium p l a t e ;  
AI values  were determined a t  f m a r g e ;  Harvard values  were 
observed before  adjustment t o  90%. 
TABLE I V  
OPEN-CIRCUIT POTENTIALS IN NICKEL-CADMI UM C E L L S ~  
Cell Four Days Later 
A t  A I  a t  Harvard 
Ni(1) Ni(2) N i ( 1 )  Ni(2) 
C e l l  NO volts v o l t s  v o l t s  v o l t s  
b Harvard Control I1 1.25 1.11 1.29 1.15 
137 Mev I 1.10 1.25 1.33 1.24b 
137 MeV I11 1.32 1.30 1. 24 1.34 
a P o t e n t i a l  of t h e  ind ica t ed  n i c k e l  p l a t e  versus t h e  cadmium e lec t rode ;  
cells were f u l l y  charged prior t o  t h e  A I  measurements, and no f u r t h e r  
adjustment was made. 
-
bUnsteady when cel l  was tapped 
A I  - 6 6- 14 9 
1 2  
B e  DISCHARGE CAPACITIES 
Discharge c a p a c i t i e s  be fo re  and af ter  exposure t o  protons are repor ted  for  
t h e  silver-cadmium cells i n  Table V and f o r  t h e  nickel-cadmium i n  Table V I .  
Also included are corresponding data f o r  c o n t r o l  cells, which w e r e  no t  
i r r a d i a t e d .  
by 10% between t h e  i n i t i a l  and f i n a l  measurements, bu t  t h e  changes i n  the  
i r r a d i a t e d  cells were not  s i g n i f i c a n t l y  d i f f e r e n t  from those i n  t h e  cont ro ls .  
This r e s u l t  was not  unexpected, s ince  much h igher  t o t a l  energy doses from gamma 
The c a p a c i t i e s  of t h e  s i l v e r  e l e c t r o d e s  increased,  on t h e  average, 
l. r a d i a t i o n  have f a i l e d  t o  change the  discharge c a p a c i t i e s  of s i l v e r  e l ec t rodes .  
For the  reason mentioned above, t h e  capac i ty  data on t h e  n i c k e l  e l ec t rodes  
With t h e  average unce r t a in ty  of +28%, r a d i a t i o n  e f f e c t s  were badly s c a t t e r e d .  
on capac i ty  were not  d i scernable .  
s u s t a i n e d  by t h e  c o n t r o l  c e l l  t h a t  remained a t  Atomics In t e rna t iona l ;  f r o m  its 
behavior  i n  t h e  i n i t i a l  measurements, t h i s  one w a s  considered t h e  l e a s t  r e l i a b l e  
of t h e  f o u r  nickel-cadmium c e l l s  prepared. 
- 
The g r e a t e s t  capac i ty  l o s s  w a s  a c t u a l l y  
C*  GAS COMPOSITIONS 
No measurable pressure  changes r e s u l t e d  from t h e  proton i r r a d i a t i o n .  
Subsequent gas analyses ,  reported i n  Table V I I ,  confirmed t h a t  t h e  c e l l  
atmospheres were e s s e n t i a l l y  a l l  n i t rogen ,  exc lus ive  of water  vapor content .  
Var i a t ion  i n  t h e  la t ter  probably was caused by t h e  sampling procedure and i s  
n o t  considered s i g n i f i c a n t .  The oxygen content  of t h e  i r r a d i a t e d  n icke l -  
cadmium cells was about twice t h a t  i n  t he  cont ro l ,  bu t  t he  percentages of 
oxygen and hydrogen are q u i t e  small i n  a l l  cases  
f mm the  preceding electrochemical  treatment. 
and may be r e s i d u a l  amounts 
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D. LOSSES OF SOLID MATERIALS 
The q u a n t i t i e s  and compositions of s o l i d  ma te r i a l s  recovered from the  
e l e c t r o d e  compartments are given i n  Tables V I 1 1  and I X .  
loss from t h e  cadmium e lec t rode  i n  t h e  silver-cadmium cells was twice t h a t  
i n  t h e  nickel-cadmium, This is cons i s t en t  wi th  t h e  fact  t h a t  t h e  former 
The average n e t  
contained two cadmium p l a t e s ,  while  t h e  la t ter  contained only one. The s i l v e r  
e l e c t r o d e  losses i n  both i r r a d i a t e d  and con t ro l  cells were i n  t h e  range of those  
found for con t ro l  c e l l s  i n  r ecen t  gamma r a d i a t i o n  studies.’  Mater ia l  l o s s e s  f r o m  
t he  n i c k e l  e l ec t rodes  accounted fo r  only  small f r a c t i o n s  of t h e  capac i ty  va r i a -  
t i o n s ,  although t h e  least  s t a b l e  c e l l ,  number I V ,  d i d  show the  p r e a t e s t  ma te r i a l  
l o s s ,  
or composition of t h e  s o l i d  recovered. 
I n  no case d id  the  protons have a de tec t ab le  inf luence  on t h e  quan t i ty  
E. RADIOACTIVITY 
Immediately after t h e  137 Mev cyclotron run, the  r a d i a t i o n  l e v e l  ou t s ide  
t h e  g l a s s  conta iners  exceeded 20 mr/hr. 
and was w e l l  below 20 mr/hr for a l l  cells i n  less than 24 hours. 
The a c t i v i t y  decayed r ap id ly ,  however, 
V. CONCLUSIONS 
As i nd ica t ed  previously,  t h e  c e l l s  i n  t h i s  program were subjec ted  t o  proton 
exposures a t  least twice those a n t i c i p a t e d  f o r  Mariner missions i n  1967-69. I t  
is of i n t e r e s t  t o  compare the  t o t a l  energy inc iden t  on the  cells through proton 
bombardment with t h e  gamma r a d i a t i o n  dose of 7 x l o 7  rads t h a t  has been appl ied  
i n  r e l a t e d  programs. lS2 The la t te r  dose, i n  t h e  form of 1.32 and 1.15 MeV gamma 
r a y s  from Co60, r e s u l t s  i n  an absorbed energy of 7 x l o 9  e rgs  p e r  gram of water, 
or 2.9 x 10’’ e r g s / c e l l ,  based on t h e  water content .  I f  a t t e n t u a t i o n  by the  
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g l a s s  and polystyrene is neglected,  t h e  f i l l e d  p o r t i o n  of each ce l l  i n  t h e  proton 
s tudy  received approximately 4.0 x 10l1 protons.  
sponds t o  an inc iden t  energy of 8.8 x 10 
e r g s / c e l l  a t  60 MeV. 
t o  Table I. 
This number of protons corre- 
7 7 e r g s / c e l l  a t  137 Mev, and 3.8 x 10 
Only fract ions of t h e s e  ene rg ie s  were absorbed, according 
The t o t a l  energy i n c i d e n t  on t h e  cel ls  i n  t h e  proton experiment was thus th ree  
t o  fou r  o r d e r s  of magnitude lower than t h a t  absorbed i n  the gamma r a d i a t i o n  
s t u d i e s .  
proton effects were a n t i c i p a t e d ,  and none was observed. 
effects of a s p e c i f i c  n a t u r e  are sometimes encountered, however, and t h i s  program 
was undertaken as a precaut ion against  such a n  occurrence with b a t t e r y  e l e c t r o d e  
systems i n  c r i t i ca l  space missions. 
f l i g h t  configurat ion,  which was performed a t  t h e  same time, w i l l  be r epor t ed  
by t h e  Je t  Propulsion Laboratory. 
From these energy considerat ions a lone  the re fo re ,  no detectable 
Unpredicted r a d i a t i o n  
Parallel work on complete b a t t e r i e s  i n  
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